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ELECTRIC POWER PLANT WITH 
ADJUSTABLE ARRAY OF FUEL CELL SYSTEMS 

BACKGROUND OF THE INVENTION 
Field of the Invention 

5 This disclosure generally relates to power supplies, for example, 

fuel cell systems, and to electrical power storage devices, for example, 
batteries and/or ultracapacitors. 

Description of the Related Art 

Fuel cells are known in the art. Fuel cells electrochemically react 

10 a fuel stream comprising hydrogen and an oxidant stream comprising oxygen to 
generate an electric current. Fuel cell electric power plants have been 
employed in transportation, portable and stationary applications. 

Stationary and portable applications include distributed power 
generation, back-up power, peak power, and uninterruptible power supply 

15 (UPS) systems. Distributed power generation relates to providing electrical 
power to residential, commercial and/or industrial customers instead of, or as a 
supplement to, the utility power grid. Power plants in such applications typically 
operate continuously. They are particularly suited to situations where the 
power grid is not available or sufficiently reliable. Peak power systems are 

20 intended to supplement the power grid, providing electrical power intermittently 
during periods of peak use when sufficient grid power may not be available or 
when the rate charged by the utility increases. Back-up power and UPS 
systems provide electrical power during periods when the power grid, or other 
primary power source, is unavailable. 

25 In addition, UPS systems must be able to provide power to the 

consumer substantially continuously, i.e., they must be "instant on" so that the 
loss of grid power does not result in an interruption of power supply to the 
consumer. Consumers who rely on electronic equipment, for example, cannot 
tolerate even minor interruptions in power supply. In this regard, the 

30 Information Technology Industry Council has issued guidelines for voltage 
dropouts, which are not to exceed 20 milliseconds. In this context, a voltage 
dropout includes both severe RMS voltage sags and complete interruptions of 
the applied voltage. 
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Conventional back-up power and UPS systems employ 
rechargeable battery banks for supplying electric power when the power grid is 
interrupted. For applications where a relatively short run time is acceptable, 
battery banks may be the sole source of back-up power. Where longer run 
5 times are required, however, such systems also employ a generator to supply 
power. In this case, the battery banks provide immediate power until the 
generator can come online. 

Valve regulated lead acid (VRLA) batteries are most often 
employed in the battery banks. The number of batteries depends on the 

10 required run time. For lower power applications (2 - 7.5 kW), run times of 15 
minutes or less are common; other systems employing batteries alone may 
require run times of 4 - 8 hours, or more. Current limits are set on re-charging . 
of batteries to avoid damaging them. In practice, VRLA batteries are recharged 
at a 6X - 10X rate, that is, the time to fully re-charge the batteries is six to ten 

1 5 times longer than their run time. 

These conventional power supply systems have several 
significant disadvantages. For example, particularly in applications requiring 
extended battery run time (e.g., > 4 hr), VRLA battery banks are large and 
heavy. A large battery bank requires a significant amount of indoor floor space 

20 for installation, which can be expensive. In addition, the weight of the battery 
bank may require indoor floor space with increased loading capacity, further 
increasing costs. Environmental regulations relating to the storage and 
operation of VRLA batteries also add to increased installation costs. Operating 
and maintaining a generator further adds to the cost and complexity of systems 

25 employing them. 

Back-up power and UPS systems employing fuel cell electric 
power plants have also been described. The described systems have several 
disadvantages relating to the supply of reactants to the fuel cells, the time it 
takes for the fuel cells to produce full power, and their surge demand capacity, 

30 for example. 

Fuel cell output is proportional to the amount of reactants 
supplied. On start-up, there is typically a delay until the fuel cells reach full 
operating power. For this reason, back-up or UPS systems solely employing 
fuel cells are inadequate for some applications because they are not "instant 
35 on". One approach has been to keep the fuel cells in such systems 
continuously running, either supplying power to the load or in a low output 
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"stand-by" mode. While this approach improves response time, it exacerbates 
hydrogen storage issues by significantly increasing hydrogen consumption. In 
addition, operational lifetime of the power plant may be adversely affected 
compared to systems where the power plant is operated intermittently. 
5 Fuel cells can be damaged if the load requirements exceed their 

maximum output. Thus, in power plants solely employing fuel cells, the rated 
output of the fuel cell stack is generally matched to the expected peak load. In 
applications where transient load increases are significantly higher than normal 
load requirements, this necessitates a larger size and output fuel cell stack than 

10 required for normal operation in order to deal with surge demand. This, in turn, 
undesirably increases the cost of the power plant. 

In most practical applications, it is desirable to maintain an 
approximately constant voltage output from the fuel cell stack. One approach is 
to employ a battery electrically coupled in parallel with the fuel cell system to 

15 provide additional current when the demand of the load exceeds the output of 
the fuel cell stack and to store current when the output of the fuel cell stack 
exceeds the demand of the load, as taught in commonly assigned pending U.S. 
patent applications Serial No. 10/017,480 entitled "Method and Apparatus for 
Controlling Voltage From a Fuel Cell System" (Atty. Docket No. 130109.436); 

20 Serial No. 10/017,462 entitled "Method and Apparatus for Multiple Mode 
Control of Voltage From a Fuel Cell System" (Atty. Docket No. 130109.442) and 
Serial No. 10/017,461 entitled "Fuel Cell System Multiple Stage Voltage Control 
Method and Apparatus" (Atty. Docket No. 130109.446), all filed December 14,_,. 
2001. 

25 The many different practical applications for fuel cell based power 

supplies require a large variety of different power delivery capabilities. In most 
instances it is prohibitively costly and operationally inefficient to employ a power 
supply capable of providing more power than required by the application. It is 
also costly and inefficient to design, manufacture and maintain inventories of 

30 different power supplies capable of meeting the demand of each potential 
application (e.g., 1kW, 2kW, 5kW, 10kW, etc.). Further, it is desirable to 
increase the reliability of the power supply, without significantly increasing the 
cost. Thus, a less costly, less complex and/or more efficient approach to fuel 
cell based power supplies is desirable. 

35 The present invention addresses the problems mentioned above, 

and provides further related advantages. 
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BRIEF SUMMARY OF THE INVENTION 

An electric power plant is provided. In one aspect, the present 
power plant comprises an array of fuel cell systems, the array comprising: a 
power bus; a first and second fuel cell system, each fuel cell system comprising 
5 a fuel cell stack; an electrical power storage device electrically coupled in 
parallel with the fuel cell stack; means for controlling a flow of current from the 
fuel cell stack to the electrical power storage device and the power bus; and, 
means for selectively electrically coupling the at least two fuel cell systems in 
series in the power bus. 

10 In another aspect, the present electric power plant comprises: an 

array of fuel cell systems, the array comprising, a power bus, a plurality of fuel 
cell systems electrically couplable in series to the power bus, each of the fuel 
cell systems comprising a fuel cell stack, an electrical storage device electrically 
coupled in parallel with at least one of the stacks; and redundancy means for 

15 selectively electrically coupling a respective first one of the plurality of fuel cell 
systems in series to the power bus. The first redundancy means is responsive 
to an operating condition different from the operating condition of the respective 
first one of the plurality of fuel cells. 

In a further aspect, the electric power plant comprises: an array of 

20 fuel cell systems, the array comprising a first set of fuel cell systems electrically 
coupled in series to one another and operable to produce a first voltage there 
across; and a second set of fuel cell systems electrically coupled in series to 
one another and operable to produce a voltage there across. Each of the fuel 
cell systems in the second set of fuel cell systems is electrically coupled in 

25 parallel to a respective one of the fuel cell systems in the first set of fuel cell 
systems. The fuel cell systems comprise a fuel cell stack, an ultracapacitor 
electrically coupled in parallel with the fuel cell stack, a charging current limiter 
electrically coupled to limit a charging current from the fuel cell stack to the 
ultracapacitor and a charging current limiter bypass device electrically coupled 

30 to provide a discharge path from the ultracapacitor bypassing the charging 
current limiter. 

In still another aspect, an electrical circuit for use in a power 
system is provided, comprising: a number of ultracapacitors electrically coupled 
in series; a charging current limiter electrically coupled in series with the 
35 ultracapacitors; and a bypass element electrically coupled across the charging 
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current limiter and operable to provide a path bypassing the charging current 
limiter. 

In still a further aspect, an electrical circuit for use in a power 
system comprises: a number of ultracapacitors electrically coupled in series; a 
5 linear mode charging current limiter electrically coupled in series with the 
ultracapacitors; and a bypass element electrically coupled across the charging 
current limiter and to selectively provide a bypass of the charging current 
limiter. 

BRIEF DESCRIPTION OF THE SEVERAL VIEWS OF THE DRAWINGS 

10 In the drawings, identical reference numbers identify similar 

elements or acts. The sizes and relative positions of elements in the drawings 
are not necessarily drawn to scale. For example, the shapes of various 
elements and angles are not drawn to scale, and some of these elements are 
arbitrarily enlarged and positioned to improve drawing legibility. Further, the 

15 particular shapes of the elements as drawn, are not intended to convey any 
information regarding the actual shape of the particular elements, and have 
been solely selected for ease of recognition in the drawings. 

Figure 1 is a schematic diagram of a hybrid fuel cell system 
powering a load, the hybrid fuel cell system having a fuel cell stack, a battery, a 

20 series pass element, a first stage including a regulating circuit for controlling 
current flow through the series pass element and a second stage including a 
controller employing a voltage difference across the series pass element to 
reduce the energy dissipated by the series pass element via control of reactant 
partial pressure , the fuel cell system for use with an illustrated general 

25 embodiment of the invention. 

Figure 2 is a schematic diagram of a power supply system 
powering a load, the power supply system including a number of individual 
hybrid fuel cells systems forming a one-dimensional array of fuel cell systems 
electrically couplable in series to provide a desired power at a desired voltage 

30 and a desired current to the load. 

Figure 3 is a schematic diagram of a power supply system 
including a number of fuel cell systems forming a two-dimensional array of fuel 
cell systems electrically couplable in a variety of series and parallel 
combinations. 
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Figure 4 is a schematic diagram illustrating a number of the fuel 
cell systems of Figure 3 electrically coupled in a series combination to provide a 
desired output power at a first output voltage and a first output current. 

Figure 5 is a schematic diagram illustrating a number of the fuel 
5 cell systems of Figure 3 electrically coupled in a parallel combination to provide 
the desired output power at a second output voltage and a second output 
current. 

Figure 6 is a schematic diagram illustrating a number of the fuel 
cell systems of Figure 3 electrically coupled in a series and parallel combination 
10 to provide the desired output power at a third output voltage and a third output 
current. 

Figure 7 is a flow diagram of a method of operating the power 
supply system of Figures 2 and 3 according to one exemplary embodiment 
which comprises replacing a faulty fuel cell system with a redundant fuel cell 
15 system. 

Figure 8 is a flow diagram of an optional step for inclusion in the 
method of Figure 7. 

Figure 9 is a flow diagram of an optional step for inclusion with the 
method of Figure 7. 

20 Figure 10 is a flow diagram showing a method of operating the 

power supply system of Figures 2 and 3 according to an additional or 
alternative exemplary embodiment including electrically coupling a number of 
fuel cell systems in a determined series and/or parallel combination to produce 
at least one of a desired power, voltage and current output. 

25 Figure 1 1 is a schematic diagram of a hybrid fuel cell system 

powering a load, the fuel cell system having a fuel cell stack, a series pass 
element, a regulating circuit or controller for controlling current flow through the 
series pass element, and an ultracapacitor based circuit as an electrical power 
storage device that simulates a battery (ultracapacitor battery simulator). 

30 Figure 12 is a schematic diagram of an alternative ultracapacitor 

based circuit suitable for use in the fuel cell system of Figure 1 1 . 

Figure 13 is a schematic diagram of a further alternative 
ultracapacitor based circuit suitable for use in the fuel cell system of Figure 1 1 . 

Figure 14 is an electrical schematic diagram of an ultracapacitor 

35 based circuit comprising a string of ultracapacitors electrically coupled in series, 
a linear mode charging current limiter, and a bypass diode. 
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Figure 15 is an electrical schematic diagram of the ultracapacitor 
based circuit of Figure 14 where the charging current limiter further comprises a 
pair of Darlington coupled transistors to limit power loss. 

Figure 16 is an electrical schematic diagram of the ultracapacitor 
5 based circuit of Figure 15 where the charging current limiter further comprises 
circuitry to cut off the charging current in the event of an over voltage condition. 

Figure 17 is an electrical schematic diagram of the ultracapacitor 
based circuit of Figure 16 where the charging current limiter further comprises 
circuitry to cut off charging current when a desired voltage is obtained across 
1 0 the ultracapacitors. 

Figure 18 is a flow diagram of one illustrated method of operating 
a hybrid fuel cell system. 

Figure 19 is a schematic diagram of a power system comprising 
one or more rectifier arrays, fuel cell hybrid module arrays, ultracapacitor 
15 battery simulator arrays, flywheel battery simulator arrays and/or rechargeable 
batteries. 

Figure 20 is a schematic diagram of one illustrated embodiment of 
a fuel cell hybrid module array suitable for use with the power system of Figure 
19. 

20 Figure 21 is a schematic diagram of a power supply system 

including a number of fuel cell systems forming a two-dimensional array of fuel 
cell systems electrically coupled in series and parallel to provide at least N+1 
redundancy. 

Figure 22 is a schematic diagram of a power supply system 
25 including a number of fuel cell systems forming a two-dimensional array of fuel 
cell systems electrically coupled in series and parallel to provide multiple 
voltage levels with at least N+1 redundancy. 

Figure 23 is a schematic diagram of a power supply system 
including a number of fuel cell systems forming a two-dimensional array of fuel 
30 cell systems electrically coupled in series and parallel to provide multiple bipolar 
voltage levels with at least N+1 redundancy. 

Figure 24 is a schematic illustration of a conventional DC back-up 
power or UPS system. 

Figure 25 is a schematic illustration of a conventional AC back-up 
35 power or UPS system. 
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Figures 26 and 27 are schematic illustrations of a conventional 
400 A 4 hour power supply employing VRLA battery banks and a comparable 
embodiment of the present power plant, respectively. 

Figures 28 and 29 are schematic illustrations of a conventional 
5 400 A 8 hour power supply employing VRLA battery banks and a comparable 
embodiment of the present power plant, respectively. 

DETAILED DESCRIPTION OF THE INVENTION 

In the following description, certain specific details are set forth in 
order to provide a thorough understanding of the various embodiments of the 

10 invention. However, one skilled in the art will understand that the invention may 
be practiced without these details. In other instances, well-known structures 
associated with fuel cells, fuel cell stacks, electrical power storage devices such 
as batteries, flywheels, and super- or ultracapacitors, reactant delivery systems, 
temperature control systems and fuel cell systems have not been shown or 

15 described in detail to avoid unnecessarily obscuring descriptions of the 
embodiments of the invention. The terms supercapacitor and ultracapacitor are 
used interchangeably throughout the description and claims. 

Unless the context requires otherwise, throughout the 
specification and claims which follow, the word "comprise" and variations 

20 thereof, such as, "comprises" and "comprising" are to be construed in an open, 
inclusive sense, that is as "including, but not limited to." 

Fuel Cell System Overview 

Figure 1 shows a hybrid fuel cell system 10 providing power to a 
load 12 for use in an illustrated embodiment of the invention. The load 12 

25 typically constitutes the device to be powered by the hybrid fuel cell system 10, 
such as a vehicle, appliance, computer and/or associated peripherals. While 
the hybrid fuel cell system 10 is not typically considered part of the load 12, 
portions of the hybrid fuel cell system 10 such as the control electronics may 
constitute a portion or all of the load 12 in some possible embodiments. 

30 The fuel cell system 10 comprises a fuel cell stack 14 composed 

of a number of individual fuel cells electrically coupled in series. The fuel cell 
stack 14 receives reactants, represented by arrow 9, such as hydrogen and air 
via a reactant supply system 16. The reactant supply system 16 may comprise 
one or more reactant supply reservoirs or sources 11, a reformer (not shown), 
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and/or one or more control elements such as one or more compressors, pumps 
and/or valves 18 or other reactant regulating elements. Operation of the fuel 
cell stack 14 produces reactant product, represented by arrow 20, typically 
including water. The fuel cell system 10 may reuse some or all of the reactant 
5 products 20. For example, as represented by arrow 22, some or all of the water 
may be returned to the fuel cell stack 14 to humidify the hydrogen and air at the 
correct temperature and/or to hydrate the ion exchange membranes (not 
shown) or to control the temperature of the fuel cell stack 14. 

The fuel cell stack 14 can be modeled as an ideal battery having a 

10 voltage equivalent to an open circuit voltage and a series resistance R s . The 
value of the series resistance R s is principally a function of stack current l s , the 
availability of reactants, and time. The series resistance R s varies in 
accordance with the polarization curves for the particular fuel cell stack 14. The 
series resistance R s can be adjusted by controlling the availability of reactants 

15 9 to drop a desired voltage for any given current, thus allowing an 
approximately uniform stack voltage V s across a range of stack currents l s . 
The relationship between the reactant flow and the series resistance Rs is 
illustrated in Figure 1 by the broken line arrow 13. However, simply decreasing 
the overall reactant and reaction pressures within the fuel cell system 10 may 

20 interfere with the overall system operation, for example interfering with the 
hydration of the ion exchange membrane and/or temperature control of the fuel 
cell stack. To avoid these undesirable results, the fuel cell system 10 may 
adjust the reactant partial pressure, as explained in more detail below. 

The fuel cell stack 14 produces a stack voltage Vs across a high 

25 voltage bus formed by the positive and negative voltage rails 19a, 19b. The 
stack current l s flows to the load 12 from the fuel cell stack 14 via the high 
voltage bus. As used herein, "high voltage" refers to the voltage produced by 
conventional fuel cell stacks 14 to power loads 12, and is used to distinguish 
between other voltages employed by fuel cell system 10 for control and/or 

30 communications (e.g., 5V). Thus, high voltage and is not necessarily "high" 
with respect to other electrical systems. 

The hybrid fuel cell system 10 comprises an electrical power 
storage device such as a supercapacitor and/or a battery 24 electrically coupled 
in parallel with the fuel cell stack 14 across the rails 19a, 19b of the high voltage 

35 bus to power the load 12. The open circuit voltage of the battery 24 is selected 
to be similar to the full load voltage of the fuel cell stack 14. An internal 
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resistance Rb of the battery 24 is selected to be much lower than the internal 
resistance of the fuel cell stack 14. Thus, the battery 24 acts as a buffer, 
absorbing excess current when the fuel cell stack 14 produces more current 
than the load 12 requires, and providing current to the load 12 when the fuel 
5 cell stack 14 produces less current than the load 12 requires. The voltage 
across the high voltage bus 19a, 19b will be the open circuit voltage of the 
battery 24 minus the battery discharging current multiplied by the value of the 
internal resistance Rb of the battery 24. The smaller the internal resistance Rb 
of the battery 24, the smaller the variations in bus voltage. 

10 An optional reverse current blocking diode D1 can be electrically 

coupled between the fuel cell stack 14 and the battery 24 to prevent current 
from flowing from the battery 24 to the fuel cell stack 14. A drawback of the 
reverse current blocking diode D1 is the associated diode voltage drop. The 
fuel cell system 10 may also comprises other diodes, as well as fuses or other 

15 surge protection elements to prevent shorting and/or surges. 

Fuel Cell System Control Stages 

The fuel cell system 10 comprises two control stages; a first stage 
employing a series pass element 32 and a regulating circuit 34 for controlling 
current flow through the series pass element 32, and a second stage employing 

20 a controller 28 for adjusting reactant partial pressures to control the series 
resistance R s of the fuel cell stack 14. The first and second stages operate 
together, even simultaneously, in cooperation with the parallel coupled battery 
24 to achieve efficient and continuous output voltage control while protecting 
the battery 24 and fuel cell stack 14 from damage. 

25 The first stage is a relatively fast reacting stage, while the second 

stage is a slower reacting stage relative to the first stage. As discussed above, 
the battery 24 provides a very fast response to changes in load requirements, 
providing current to the load 12 when demand is greater than the output of the 
fuel cell stack 14 and sinking excess current when the output of the fuel cell 

30 stack 14 exceeds the demand of the load 12. By controlling the flow of current 
through the series pass element 32, the first stage ensures that the battery 24 
is properly charged and discharged in an efficient manner without damage. By 
controlling the reactant partial pressures, and hence the series resistance Rs, 
the second stage controls the efficiency of the fuel cell stack 14 operation (i.e., 

35 represented as the particular polarization curve on which the fuel cell is 
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operating). Thus, the second stage limits the amount of heat dissipated by the 
series pass element 32 by causing more energy to be dissipated via the fuel 
cell stack 14 (i.e., via less efficient operation). 

Where the fuel cell stack 14 dissipates energy as heat, this 
5 energy is recoverable in various portions of the fuel cell system, and thus can 
be reused in other portions of the fuel cell system (/.e., cogeneration). For 
example, the energy dissipated as heat may be recycled to the fuel cell stack 
14 via an airflow, stack coolant, or via the reactants. Additionally, or 
alternatively, the energy dissipated as heat may be recycled to a reformer (not 
10 shown), other portion of the fuel cell system 10, or to some external system. 
Additionally, limiting the amount of energy that the series pass element 32 must 
dissipate, can reduce the size and associated cost of the series pass element 
32 and any associated heat sinks. 

The details of the first and second stages are discussed in detail 

1 5 below. 

First Stage Overview, Series Pass Element Regulator 

With continuing reference to Figure 1 , the first stage of the fuel 
cell system 10 comprises the series pass element 32 electrically coupled 
between the fuel cell stack 14 and the battery 24 for controlling a flow of current 

20 l s from the fuel cell stack 14 to the battery 24 and the load 12. The first stage of 
the fuel cell system 10 also comprises the regulating circuit 34 coupled to 
regulate the series pass element 32 based on various operating parameters of 
the fuel cell system 10. The series pass element 32 can, for example, take the 
form of a field effect transistor ("FET'), having a drain and source electrically 

25 coupled between the fuel cell stack 14 and the battery 24 and having a gate 
electrically coupled to an output of the regulating circuit 34. 

The first stage of the fuel cell system 10 comprises a number of 
sensors for determining the various operating parameters of the fuel cell system 
10. For example, the fuel cell system 10 comprises a battery charge current 

30 sensor 36 coupled to determine a battery current l B . Also for example, the fuel 
cell system 10 comprises a fuel cell stack current sensor 38 coupled to 
determine the stack current Is. Further for example, the fuel cell system 10 
comprises a battery voltage sensor 40 for determining a voltage V B across the 
battery 24. Additionally, the fuel cell system 10 may comprise a battery 

35 temperature sensor 42 positioned to determine the temperature of the battery 
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24 or ambient air proximate the battery 24. While the sensors 36-42 are 
illustrated as being discrete from the regulating circuit 34, in some 
embodiments one or more of the sensors 36-42 may be integrally formed as 
part of the regulating circuit 34. 
5 The first stage of the fuel cell system 10 may comprise a soft start 

circuit 15 for slowly pulling up the voltage during startup of the fuel cell system 
10. The fuel cell system 10 may also comprise a fast off circuit 17 for quickly 
shutting down to prevent damage to the fuel cell stack 14, for example if a 
problem occurs in the reactant supply system of the stack, where load must be 
10 removed quickly to prevent damage to the stack, or if a problem occurs with the 
second stage control. 

Second Stage Overview. Reactant Partial Pressure Controller 

. The second stage of the fuel cell system 10 comprises the 
controller 28,an actuator 30 and the reactant flow regulator such as the valve 
18. The controller 28 receives a value of a first voltage Vi from an input side of 
the series pass element 32 and a value of a second voltage V 2 from an output 
side of the series pass element 32. The controller 28 provides a control signal 
to the actuator 30 based on the difference between the first and second 
voltages V|, V 2 to adjust the flow of reactant to the fuel cell stack 14 via the 
valve 18 or other reactant flow regulating element. 

Since the battery 24 covers any short-term mismatch between the 
available reactants and the consumed reactants, the speed at which the fuel 
cell reactant supply system 16 needs to react can be much slower than the 
speed of the electrical load changes. The speed at which the fuel cell reactant 
supply system 16 needs to react mainly effects the depth of the 
charge/discharge cycles of the battery 24 and the dissipation of energy via the 
series pass element 32. 

Power Supply System 

Figure 2 shows one embodiment of a power supply system 50 
30 including a one-dimensional array 52 of a fuel cells systems, collectively 
referenced as 10, that are electrically couplable in series to positive and 
negative voltage rails 56a, 56b, respectively, that form a power bus 56 for 
supplying power to the load 12. A respective diode, collectively referenced as 
58, is electrically coupled between the positive and negative outputs of each of 
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the fuel cell systems 10. The illustrated power supply system 50 comprises a 
number M+1 fuel cell systems, which are individually referenced as 10(1)- 
10(M+1), the number in the parenthesis referring to the position of the fuel cell 
system 10 in the array. The ellipses in Figure 2 illustrate that the power supply 
5 system 50 may comprise additional fuel cell systems (not explicitly shown) 
between the third fuel cell system 10(3) and the M th fuel cell system 10(M). 
One or more of the fuel cell systems (e.g., 10(M+1)) may serve as a 
"redundant" fuel cell system, being electrically coupled in series on the power 
bus 56 as needed, for example, when one of the other fuel cell systems 10(1)- 

10 10(M) is faulty or when the load 12 requires additional power or voltage. 

The power supply system 50 may employ one or more fault 
switches such as a contactor or transistor 60, that can automatically disconnect 
a respective fuel cell system 10 in the event of a fault or failure. For example, 
the fault transistor 60 may open upon a fault or failure in the fuel cell system's 

15 10 own operating condition or upon a fault or failure in the operating condition 
of the power supply system 50. 

The power supply system 50 may employ one or more 
redundancy switches, such as a contractor or transistor 62, that can manually 
or automatically electrically couple a respective fuel cell system 10(M+1) to the 

20 power bus 56 based on a condition other than the fuel cell system's 10(M+1) 
own operating condition. For example, where another fuel cell system 10 is 
faulty, the redundancy transistor 62 may close to electrically couple the 
redundant fuel cell system 10(M+1) to the power bus 56 to maintain the power, 
voltage and current to the load 12. Also for example, where a higher output 

25 power is desired, the redundancy transistor 62 may close to electrically couple 
the redundant fuel cell system 10(M+1) to the power bus 56 to adjust the 
power, voltage and current to the load 12. 

While manual operation may be possible, the power supply 
system 50 may comprise control logic 64 for automatically controlling the 

30 operation of the redundancy switch (e.g., transistor 62). 

The control logic 64 may receive an input from one or more of the 
other fuel cell systems 10(1)-10(M), the input relating to an operating condition 
of the respective fuel cell system 10(1)-10(M) (i.e., "connect on failure of Unit 1 
through M"). For example, the control logic 64 may receive voltage, current 

35 and/or power measurements related to the fuel cell stack 14 and/or electrical 
power storage 24 of the fuel cell system 10. Such measurements may include, 
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but are not limited to, stack current l Sl stack voltage V s> battery current l B , and 
battery voltage V B , and/or temperature. Also for example, the control logic 64 
may receive logical values relating to the operating condition of various systems 
of the fuel cell system 10, including, but not limited to, an ambient hydrogen 

5 level, an ambient oxygen level, and a reactant flow. In this respect, reference is 
made to commonly assigned U.S. application Serial No. 09/916,240, filed July 
25, 2001 and entitled "FUEL CELL SYSTEM METHOD, APPARATUS AND 
SCHEDULING" (Atty. Docket No. 130109.409). 

Additionally, or alternatively, the control logic 64 may receive an 

10 input from other components of the power supply system 50, such as voltage 
and current sensors coupled to determine a voltage or current at various points 
on the power bus 56. For example, the control logic 64 may receive a voltage 
reading corresponding to the voltage across the power bus measured at a "top" 
of the one-dimensional array 52, allowing the control logic 64 to indirectly detect 

15 a fault in one or more of the fuel cell systems 10 by detecting a measurement 
below an expected threshold value (/.a, "connect if V x < Mx24V"). The 
threshold for detecting a fault condition may be predefined in the control logic 
64 or may be set by a user or operator via a user interface 66 such as analog or 
digital controls, or a graphical user interface on a special purpose or general 

20 purpose computer. 

Additionally or alternatively, the control logic 64 may receive an 
input from the user or operator via the user interface 66 which may comprise a 
set of user controls to set operating parameters such as power, voltage, and or 
current thresholds, to set desired parameters such as desired power, desired 

25 voltage or desired current nominal values, to provide electrical configuration 
information, to provide switching signals, and/or to signals to override the 
automatic operating aspects of the control logic 64. The user interface 66 may 
be remote from the remainder of the power supply system 50. The control logic 
64 can be embodied in one or more of hardwired circuitry, firmware, micro- 

30 controller, application specific processor, programmed general purpose 
processor, and/or instructions on computer-readable media. 

Where the output voltage of the fuel cell systems 1 0 can be tightly 
controlled, such as under the first and/or second stage operation discussed 
above, the series coupling of the fuel cell systems 10 is possible. Thus any 

35 desired number of fuel cell systems 10 may be electrically coupled in series to 
realize any integer multiple of voltage output of the individual fuel cell system 
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10. For example, where each fuel cell system 10 produces 24 volts across the 
rails 19a, 19b, three fuel cell systems 10(1)-10(3) are electrically couplable to 
produce 72 volts across the power bus 56. More generally stated, a number M 
of fuel cell systems 10 can be electrically coupled in series to produce M times 
5 the nominal fuel cell system voltage across the power bus 56. Additionally, the 
series coupling renders the position of the redundant fuel cell system 10(M+1) 
in the one-dimensional array 52 unimportant. 

Figure 3 shows a two-dimensional array 68 of fuel cell systems 
10, arranged in a number M of rows and a number N of columns for powering 

10 the load 12 via the power bus 56. The fuel cell systems 10 are individually 
referenced 10(1,1)-10(M,N), where the first number in the parenthesis refers to 
a row position and the second number in the parenthesis refers to a column 
position of the fuel cell system 10 in the two-dimensional array 68. The ellipses 
in Figure 3 illustrate that the various rows and columns of the two-dimensional 

15 array 68 may comprise additional fuel cell systems (not explicitly shown). The 
diodes 58, fault and redundancy switches 60, 62, respectively, control logic 64, 
and user interface 66 have been omitted from Figure 3 for clarity of illustration. 

Each of the fuel cell systems 10(1,1)-10(M,N) is individually 
couplable to the power bus 56 to provide a variety of desired output power, 

20 voltage or current. The fuel cell systems 10(1-M,1), 10(1-M,2), 10(1-M,3)-10(1- 
M,N) in each column 1-M are electrically couplable in series to one another. 
The fuel cell systems 10(1, 1-N), 10(2, 1-N), 10(3,1-N)-10(M,1-N) in each row 1- 
N are electrically couplable in parallel to one another. From Figure 3 and this 
description, one skilled in the art will recognize that the two-dimensional array 

25 68 permits the series coupling of fuel cell systems 10 to adjust an output power 
of the power supply system 50 by adjusting an output voltage. One skilled in 
the art will also recognize that the two-dimensional array 68 permits the parallel 
coupling of fuel cell systems 10 to adjust the output power of the power supply 
system 50 by adjusting an output current. One skilled in the art will further 

30 recognize that the two-dimensional array 68 permits the series and parallel 
coupling of fuel cell systems 10 to adjust the output power of the power supply 
system 50 by adjusting both the output current and the output voltage. Thus, 
for the illustrated embodiment where each fuel cell system produces, for 
example, 1 kW at 24 volts and 40 amps, a maximum output power of NxM kW 

35 is possible. One skilled in the art will further recognize that the one- and two- 
dimensional array structures discussed herein refer to electrically coupable 



15 



WO 03/098730 



PCT/CA03/00703 



positions relative to one another, and do not necessary require that the fuel cell 
systems 54 be physically arranged in rows and/or columns. 

Figures 4-6 illustrate three different electrical configurations of the 
fuel cell systems 10 of the two-dimensional array 68 of Figure 3, to produce a 
desired output power, for example 4kW where each fuel cell system 10 is 
capable of providing 1kW at 24 volts and 40 amps. In particular, Figure 4 
shows one illustrated example employing four of the fuel cell systems 10(1,1)- 
10(4,1) from the first column of the two-dimensional array 68 electrically 
coupled in series to provide 4 kW of power at 96 volts and 40 amps. Figure 5 
shows an illustrated embodiment of four of the fuel cell systems 10(1,1)-10(1,4) 
of a first row of the two-dimensional array 68 electrically coupled in parallel to 
provide 4 kW of power at 24 volts and 160 amps. Figure 6 shows an illustrated 
example employing four fuel cell systems 10(1,1), 10(1,2), 10(2,1), 10(2,2) of 
the two-dimensional array 68, where two pairs of series coupled fuel cell 
systems 10(1,1), 10(2,1) and 10(1,2), 10(2,2) are electrically coupled in parallel 
to produce 4 kW of power at 48 volts and 80 amps. . One skilled in the art will 
recognize from these teachings that other combinations and permutations of 
electrical couplings of the fuel cell systems 10 of the two-dimensional array 68 
are possible. 

20 Reactant Supply Systems 

The oxidant gas can be pure oxygen or an oxygen-containing gas, 
such as air. In the former case, the oxidant supply system may include a stored 
oxygen supply; in the latter case, air may be supplied to the stack at ambient or 
higher pressure. Where higher pressure operation is desired, gas compression 

25 equipment, including compressors, blowers, pumps, boosters, or ejectors, may 
be employed. Single- and multi-stage compression may be employed, as 
desired. 

The fuel supply system includes hydrogen storage equipment for 
storing the hydrogen fuel supplied to the stacks. The fuel supply system may 
30 include a hydrocarbon fuel source and a fuel processing subsystem comprising 
a reformer. The fuel processing subsystem converts the fuel to a hydrogen-rich 
reformate gas that is supplied to the stacks. 

Alternatively the hydrogen fuel may be substantially pure 
hydrogen. The type of hydrogen storage is not essential to the present power 
35 plant. For example, hydrogen may be stored as a pressurized gas or a liquid, if 
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desired. Alternatively, solid hydrogen storage media may be employed, 
including metal hydride (e.g., nickel metal hydride), chemical hydride (e.g., 
borohydrides) or carbon nanomaterials. Low pressure hydrogen gas storage 
suffers from relatively low volumetric and gravimetric energy densities, but is 
5 relatively inexpensive and simple to implement. As the pressure of the stored 
hydrogen increases, volumetric and gravimetric energy density increases. 
Metal hydrides exhibit superior volumetric energy densities, but their weight 
results in significantly inferior gravimetric energy densities compared to other 
hydrogen storage approaches. Associated temperature regulating equipment - 

10 metal hydrides are typically cooled to facilitate hydrogen adsorption and heated 
to facilitate hydrogen release - and (optionally) gas pressurizing equipment can 
also add cost and complexity to the overall power plant. Liquid hydrogen 
storage exhibits good volumetric and gravimetric energy densities, but the 
associated temperature regulating equipment required to maintain cryogenic 

15 storage also adds cost and complexity to the power plant. In addition, liquid 
hydrogen storage equipment experience evaporative losses ("boil-off 1 ) over 
time. Thus, the choice of hydrogen storage equipment for a given application 
balances various factors, including the size and weight of the equipment, cost 
and complexity of operation. Persons skilled in the art will be aware of such 

20 considerations and can readily select suitable hydrogen storage equipment for 
a given application. 

In some embodiments, the pressure of hydrogen in the hydrogen 
storage equipment exceeds the operating pressure of the stacks. For example, 
the stacks may operate at ambient pressure while the hydrogen storage system 

25 comprises compressed hydrogen tanks, which can store hydrogen at pressures 
of up to 10,000 psi (700 bar) or more. The hydrogen storage system may 
therefore comprise means for reducing the pressure of the hydrogen fuel from a 
storage pressure to a stack operating pressure. The selection of pressure 
reducing means is not essential to the present power plant, and any suitable 

30 pressure reducing means, including reducing valves, expanders, differential 
pressure regulators or expanded lines, may be employed. 

Either or both of the incoming reactant streams may be humidified 
before being directed to the stacks. The means for humidifying the reactant 
stream(s) is not essential to the present power plant and operating method, and 

35 persons skilled in the art can readily select suitable such means for a given 
application. For example, the reactant stream(s) may be humidified in a 
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membrane exchange humidifier that also receives the reactant exhaust from 
the stacks. Alternatively, a fine stream of water may be injected into the 
reactant stream(s). As a further example, the reactant stream(s) may be 
humidified by contact with hot water. Other suitable such means, including 
5 enthalpy wheels or pressure swing adsorption (PSA) units, will be apparent to 
persons skilled in the art. Humidification of the reactant streams is not required, 
however. For example, ambient air . may be supplied to the stack without 
humidification. 

System Redundancy 

10 As discussed previously, one or more of the fuel cell systems in 

the present power plant (e.g., 10(M+1)) may serve as a "redundant" fuel cell 
system. As will be apparent to persons skilled in the art, the concept of 
redundany may be applied to various other systems of the present power plant, 
as well. 

15 For example, it has been disclosed that the fuel cell systems may 

further comprise an electrical storage device electrically coupled in parallel with 
the fuel cell stack across a high voltage bus to power the load. Alternatively, 
such an electrical storage device may be electrically coupled in parallel with the 
fuel cell stacks of a group of fuel cell systems. By way of illustration, in the 

20 array 68 of Figure 3, each group of series connected fuel cell systems 10 may 
include one or more electrical storage devices parallel coupled to all or a 
portion of the constituent fuel cell stacks. Thus, each "arm" of the array may 
comprise one or more such electrical storage devices. 

As another example, where pressurized operation is desired, the 

25 fuel cell systems of the array, or groups of them, may share common gas 
compression equipment; or each fuel cell system may have its own gas 
compression equipment. As further examples, similar considerations apply with 
respect to the redundancy of humidification equipment, gas supply and 
manifolding equipment, and control systems. 

30 From a balance-of-plant perspective, common systems reduce 

cost and complexity. On the other hand, redundant systems can desirably 
increase reliability. Multiple systems may also provide a greater degree of 
control of individual fuel cell systems or portions of the array. The system 
configuration and degree of redundancy is not essential to the present power 
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plant, and persons skilled in the art can readily select a suitable system 
configuration for a given application. 

Operation 

Figure 7 shows a method 100 of operating the power supply 
5 system 50 according to one exemplary illustrated embodiment, which is 
discussed with reference to Figure 2. The method 100 may be embodied in the 
control logic 64, discussed above. 

In step 102, the control logic 64 electrically couples a number M of 
fuel cell systems 10(1)-10(M) in series on the power bus 56 by selectively 

10 operating appropriate ones of the switches 60, 62. In step 104, the control logic 
64 determines if there is a fault. For example, the control logic 64 may 
determine whether any of the parameters of one of the fuel cell systems 10(1)- 
10(M) is outside of an acceptable range, or exceeds, or falls below, an 
acceptable threshold. As discussed above the control logic 64 may receive 

15 voltage, current and/or power measurements related to the fuel cell stack 14 
and/or electrical power storage 24 of the fuel cell system 10. Additionally, or 
alternatively, the control logic 64 may receive logical values relating to the 
operating condition of various systems of the fuel cell system 10. Additionally, 
or alternatively, the control logic 64 may receive an input from other 

20 components of the power supply system 50, such as voltage and current 
sensors coupled to determine a voltage or current at various points on the 
power bus 56. The control logic 64 can comprise comparison circuitry such as 
a comparator, or instructions for comparing the received values to defined 
range and/or threshold values, for example, ensuring that the total voltage 

25 across the power bus 56 is above a defined threshold or within a defined range. 
Alternatively, or additionally, the control logic 64 can rely on a set of logical 
values returned by the individual fuel cell systems 10(1)-10(M), such as a M 1" or 
"0" corresponding to one or more operating conditions of the respective fuel cell 
system 10(1)-10(M). 

30 If there is no fault, the method 100 returns to step 104, performing 

a monitoring loop. If there is a fault, the control logic 64 electrically couples the 
redundant fuel cell system 10(M+1) in series on the power bus 56 in step 106, 
for example, by sending an appropriate signal to the corresponding redundant 
switch such as by applying a signal to a gate of the redundant transistor 62. 
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The fuel cell systems 10(1)-10(M+1) are "hot swappable" so the power supply 
system 50 does not have to be shutdown. 

In optional step 108, the control logic 64 electrically decouples the 
faulty fuel cell system, for example 10(3), from the power bus 56, for example, 
5 by sending an appropriate signal to the corresponding fault switch such as by 
applying a signal to a gate of the fault transistor 60. In optional step 1 10, a user 
or service technician replaces the faulty fuel cell system 10(3) in the array 52 of 
the power supply system 50. The replacement fuel cell system 10 may serve 
as a redundant fuel cell system for a possible eventual failure of another fuel 

10 cell system 10. 

Figure 8 shows an optional step 112 for inclusion in the method 
100. In step 112, an additional fuel cell system 10 is electrically coupled in 
series on the power bus 50 with one or more of the fuel cell systems 10(1)- 
10(M). For example, where the faulty fuel cell system 10(3) has been replaced, 

15 the replacement fuel cell system may be electrically coupled in series to 
increase the power output of the power supply system 50. 

Figure 9 shows an optional step 114 for inclusion in the method 
100. In step 114, an additional fuel cell system 10 is electrically coupled in 
parallel on the power bus 52 with one or more of the fuel cell systems 10(1)- 

20 10(M). From this description, one skilled in the art will recognize that the 
method 1 00 may employ any variety of series and/or parallel combinations of 
fuel cell systems 1 0. 

Figure 10 shows a method 130 of operating the power supply 
system 50 according to an additional, or alternative, illustrated embodiment, 

25 which is discussed with reference to the two-dimensional array 68 of Figure 3. 
Thus, the power supply system 50 may employ the method 130 in addition to, 
or alternatively from, the method 100. 

In step 132, the control logic 64 determines at least one of a 
desired power, voltage and current output from the power supply system 50. 

30 The desired values may be defined in the control logic 64 or the control logic 64 
may receive the desired value(s) from the user or operator by way of the user 
interface 66. In step 134, the control logic 64 determines an electrical 
configuration of series and/or parallel combinations of a number of fuel cell 
systems 10(1,1)-10(M,N) to provide the desired power, voltage and/or current. 

35 In step 136, the control logic 64 operates a number of the redundant switches 
such as a transistor 60 (Figure 2, only one shown) to electrically couple 
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respective ones of fuel cell systems 10(1,1)-10(M,N) into the determined 
electrical configuration. 

The above description shows that any number of fuel cell systems 
10 are electrically couplable in series and/or parallel combinations to form a 
5 combined power supply system 50 for powering the load 12 at a desired 
voltage and current. 

The fuel cell systems 10 can take the form of any of the fuel cell 
systems discussed above, for example, the fuel cell system 10 illustrated in 
Figure 1. As discussed above, the power supply system 50 takes advantage of 

10 a matching of polarization curves between the fuel cell stacks 14 and the 
respective electrical power storage 24 to allow series coupling of fuel cell 
systems. One approach to achieving the polarization curve matching includes 
the first stage regulating scheme generally discussed above. Another approach 
includes controlling a partial pressure of one or more reactant flows based on a 

15 deviation of a voltage across the electrical power storage 24 from a desired 
voltage across the electrical power storage 24. A further approach includes 
controlling a partial pressure of one or more reactant flows based on a deviation 
of an electrical storage charge from a desired electrical storage charge. The 
electrical power storage charge can be determined by integrating the flow of 

20 charge to and from the electrical power storage 24. Other approaches may 
include phase or pulse switching regulating or control schemes. Reasons for 
employing a series configuration include the cost advantage, and the 
configuration having the highest efficiency at the full output power point if the 
stack voltage equals the battery float voltage at that point, e.g., efficiency can 

25 exceed 97% in a 24V system with no R.F. noise problem. While the fuel cell 
systems 10 are illustrated having two stages,, in some embodiments the power 
supply system 50 may incorporate one or more fuel cell systems 10 having only 
one of the stages, either the first or the second stage. 

Figure 1 1 shows another embodiment of a hybrid fuel cell system 

30 10 operable to power an external load 12. In contrast to the previously 
discussed embodiments, the fuel cell system 10 of Figure 11 employs an 
ultracapacitor battery simulator circuit 200 as an electrical power storage device 
24 (Figure 1), the ultracapacitor battery simulator circuit 200 being configured to 
simulate a battery. 

35 The fuel cell system 10 may comprise one or more internal loads 

202, which represent the various active components of the fuel cell system 10, 
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for example, processors, sensors, indicators, valves, heaters, compressors, 
fans, and/or actuators such as solenoids. These internal loads 202 are typically 
referred to as the "balance of system" or "balance of plant" (BOP). The internal 
loads 202 are electrically coupled to receive power from the fuel cell stack 14 
5 via the power bus 19a, 19b. The fuel cell system 10 may also comprise one or 
more current sensors 204 and voltage sensors 206. 

The ultracapacitor battery simulator circuit 200 comprises a 
number of ultracapacitors Ci-C n electrically coupled in series between the rails 
19a, 19b of the voltage bus. A charging current limiter 208 is electrically 

10 coupled in series with the ultracapacitors CrC n to limit charging current to the 
ultracapacitors Ci-C n . A bypass diode D 2 is electrically coupled across the 
charging current limiter 208 to provide a path for discharge current which 
bypasses the charging current limiter 208. A reverse charging diode D 3 
prevents the ultracapacitors CrC n from charging in the reverse direction, for 

15 example, when connected in series with other electrical power storage devices 
24 or hybrid fuel cell systems 10. 

A number of surge diodes D s are electrically coupled across 
respective ones of the ultracapacitors Ci-C n . The surge diodes Ds equalize the 
voltage across each of the ultracapacitors CrC n during charging, and thus may 

20 limit the voltage across any ultracapacitor Ci-C n to the surge rating of the 
ultracapacitor Ci-C n . For example, typical ultracapacitors CrC n may have a 
working voltage of approximately 2.5 volts. As illustrated, the ultracapacitors 
Ci-C n may be connected in series to achieve higher working voltages. Thus, 
for example, four surge diodes Ds electrically coupled across respective 

25 ultracapacitors CrC n may limit the voltage across the respective ultracapacitor 
CrC n to approximately 2.8 volts, which is the typical surge rating of the 
ultracapacitors Ci-C n . 

The bypass diode D 2 is selected such that if the voltage on the 
capacitor bank (/.e., the series coupled ultracapacitors) rises above the point 

30 where all of the ultracapacitors Ci-C n have approximately 2.8 volts across them, 
and all surge diodes D s turn ON, the voltage drop across the current limiter 208 
will rise to limit the current through the surge diodes D s and prevent a short 
circuit. 

Figure 11 shows the charging current limiter 208 and bypass 
35 diode D2 positioned at one end of the string of ultracapacitors Ci-C n . Figure 12 
shows the charging current limiter 208 and bypass diode D 2 positioned at the 
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other end of the string of ultracapacitors Ci-C n . Figure 13 shows the charging 
current Iimiter 208 and bypass diode D 2 positioned between the ends of the 
string of ultracapacitors CrC n . Thus, it is apparent that the charging current 
Iimiter 208 and bypass diode D 2 may be positioned at either end, or anywhere 
5 in the string of ultracapacitors CrC n . 

Figure 14 shows one embodiment of the charging current Iimiter 
208 in the form of a linear mode charging current Iimiter. The charging current 
Iimiter 208 comprises a charging current limiting transistor Qi, feed back 
transistor Q 2 . first resistor Ri, second resistor R 2 and Zener diode D 4 . The 

10 charging current limiting transistor Qi comprises a pair of active terminals (e.g., 
collector and emitter) and a control terminal (e.g., base), the active terminals 
electrically coupled in series with the ultracapacitors C r C n . The feedback 
transistor Q 2 comprises a pair of active terminals (e.g., collector and emitter) 
and a control terminal (e.g., base), the active terminals electrically coupled 

15 between rails 19a, 19b and the control terminal electrically coupled to the 
emitter of the charging current limiting transistor Qi. The first resistor Ri is 
electrically coupled between the control terminal of the feedback transistor Q 2 
and one rail 19b of the voltage bus. The second resistor R 2 and Zener diode D 4 
are electrically coupled between the control terminal of the charging current 

20 limiting transistor Qi and the other rail 1 9a of the voltage bus. 

In use, the linear mode charging current Iimiter 208 passes 
charging current when the terminal voltage VrVo is above some defined 
threshold voltage. When a voltage greater than the sum of the Zener voltage of 
Zener diode D 4 and the voltage required to turn ON the charging current limiting 

25 transistor Qi (e.g., approximately 0.7 volts) is applied to the terminals of the 
ultracapacitor battery simulator circuit 200, current will begin to flow into the 
control terminal of the charging current limiting transistor Qi. This causes 
current to flow into the collector of the charging current limiting transistor Qi, 
and begins charging the bank of ultracapacitors CrC n . When the current from 

30 the emitter of the charging current limiting transistor Qi is sufficiently high to 
cause approximately 0.7 volts across the first resistor Ri, the feedback 
transistor Q 2 begins to turn ON. This reduces the current through the charging 
current limiting transistor Qi. In this way, the charging current of the bank of 
ultracapacitors C r C n is limited to approximately 0.7 volts divided by the value of 

35 the first resistor Ri. For example, if the first resistor is approximately 0.175 
ohms, then the charging current would be limited to approximately 4 amps. 



23 



WO 03/098730 



PCT/CA03/00703 



The circuit configuration of Figure 14 also minimizes the current 
drawn from the ultracapacitors CrC n when storing charge (i.e., when not on 
float charge). When a voltage less than the sum of the Zener voltage of Zener 
diode D 4 (e.g., approximately 24 volts) and the voltage required to turn ON the 
5 charging current limiting transistor Qi (e.g., approximately 0.7 volts) is applied 
to the terminals of the ultracapacitor battery simulator circuit 200, no current will 
be drawn from the ultracapacitors CrC n „ which will consequently maintain their 
charge for relatively long intervals. 

Figure 15 shows another embodiment of the charging current 

10 limiter 208, adding a pair of transistors, pair of resistors and diode, coupled in a 
Darlington circuit configuration Q3, to the embodiment of Figure 14. The 
Darlington circuit Q 3 is electrically coupled between the base of the charging 
current limiting transistor Qi and the Zener diode D 4l reducing the current l D 3 
flowing through the second resistor R 2 and the Zener diode D 4 . While slightly 

15 more complicated than the embodiment of Figure 14, the configuration of 
Figure 15 reduces power lost through the second resistor R 2 and Zener diode 

Da. 

Figure 16 shows a further embodiment of the charging current 
limiter 208, that adds over voltage circuitry that cuts off the charging current in 

20 an over voltage situation, to the embodiment of Figure 15. The over voltage 
circuitry comprises an over voltage transistor Q4, over voltage Zener diode D 5 , 
and over voltage resistor R3. The emitters of the over voltage transistor Q 4 and 
feed back transistor Q 2 are commonly coupled, and the collectors of the over 
voltage transistor Q 4 and feed back transistor Q 2 are also commonly coupled. 

25 The over voltage Zener diode D 5 and over voltage resistor R 3 are electrically 
coupled between the base of the over voltage transistor Q 4 and one rail of the 
voltage bus. 

When the terminal voltage of the bank of ultracapacitors Ci-C n 
exceeds a sum of the Zener voltage of the Zener diode D 5 (e.g., approximately 

30 30 volts) and the voltage required to turn ON the over voltage transistor Q 4 
(e.g., approximately 0.7 volts), the over voltage transistor Q 4 turns OFF both the 
feedback transistor Q 2 and charging current limiting transistor Q 1f thus 
preventing further charging current from entering the ultracapacitors CrC n . 
Although the over voltage cutoff is not a feature inherent in batteries, it is 

35 desirable in a hybrid fuel cell system to account for the rise in voltage of the fuel 
cell stack 14 in no load conditions (e.g., open circuit voltage or OCV). The 
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embodiment of Figure 16 also has the advantage of limiting the heat produced 
by the charging current limiting transistor Qi and consequently the size of any 
associated heat sink. 

Figure 17 shows yet a further embodiment of the charging current 
5 limiter 208, that adds circuitry to cut off charging current when the bank of 
ultracapacitors Ci-C n reaches a desired voltage, to the embodiment of Figure 
16. The circuitry comprises a voltage setting transistor Q 5 , voltage setting 
Zener diode D6, and voltage setting resistor R4. Active terminals of the voltage 
setting transistor Q5 are electrically coupled between the base of the over 

10 voltage transistor Q 4 and the rail of the voltage bus. The voltage setting Zener 
diode D 6 and voltage setting resistor R4 are electrically coupled between the 
base of the voltage setting transistor Q 5 and the bank of ultracapacitors C r C n . 
The embodiment of Figure 17 has the advantage of limiting the heat produced 
by the charging current limiting transistor Q1 and consequently the size of any 

15 heat sink associated. The embodiment of Figure 17 also saves power and 
improves overall system efficiency. 

The embodiments of Figures 11-17 are compatible with, and 
complimentary to, previously discussed concepts, any may also be employed 
with black start techniques discussed in commonly assigned U.S. application 

20 Serial No. 10/388191, filed March 12, 2003 and titled "BLACK START 
METHOD AND APPARATUS FOR A FUEL CELL POWER PLANT, AND FUEL 
CELL POWER PLANT WITH BLACK START CAPABILITY" (Atty. Docket No. 
130109.483). 

In the embodiments of Figures 11-17, the fuel cell system 10 
25 behaves as a two-mode power supply. The output is controlled by two settings: 
1) an output current limit; and 2) an output voltage limit. When the load 
resistance is high enough to draw a current lower than the output current limit, 
the fuel cell system 10 acts as a constant voltage source to set the output 
voltage limit. When the load resistance is low enough to draw a current higher 
30 than the output current limit at the output voltage limit set point, the fuel cell 
system 10 acts as a constant current source set to the output current limit 
Charging current limiting is handled by the ultracapacitor battery simulator 
circuit 200, rather than via the series pass element 32 (Figure 1) in battery 
charging current limit mode discussed in reference to Figure 1. It would be 
35 advantageous to incorporate the charging current limiting in other electrical 
power storage device circuitry, even where the electrical power storage device 
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comprises a battery rather than an ultracapacitor, since this would prevent the 
in rush of current when, for example, a dead or discharged battery is plugged 
into a system with charged batteries. 

For a fuel cell system 10 employing a Ballard Nexa™ fuel cell 
5 stack, the output voltage limit would be set at or below the open circuit voltage 
(OCV) of the fuel cell stack 14 (e.g., approximately 54.8 yolts), and the output 
current limit would be set such that the fuel cell stack current limit and the fuel 
cell system's thermal limits were not exceeded. For example, if the output 
power limit is 1 .3 kW, the output current limit would -be approximately 23.7 
10 amps. 

The ultracapacitor battery simulator circuit 200 acts as a DC/DC 
converter. The balance of plant 202 (Figure 11) is typically run on 24 VDC 
derived from the output of the ultracapacitor battery simulator circuit 200, rather 
than directly from the stack voltage. 

15 The ultracapacitor battery simulator circuit 200 may have an input 

voltage range of 55 volts (at OCV) to 25.5 volts (at full load). If the input voltage 
(/.e., stack voltage) falls below 25.5 volts, the ultracapacitor battery simulator 
circuit 200 may lower its output current limit to the point where the input voltage 
does not go any lower. If the input current (i.e., stack current) rises to 48 amps, 

20 the ultracapacitor battery simulator circuit 200 may lower its output current limit 
to the point where the input current would not any higher. 

. Figure 18 shows a method 300 of operating a fuel cell system 10 
employing an ultracapacitor battery simulator circuit 200 according to one 
illustrated embodiment. In step 302, charging current is supplied, for example, 

25 from the fuel cell stack 14. In.step 304, the charging current limiting transistor 
Qi and feedback transistor Q2 limit charging current supplied to the 
ultracapacitors Ci-C n below a charging current limit threshold. In step 306, the 
surge diodes D s limit the voltage across each of the ultracapacitors Ci-C n . In 
step 308, the over voltage transistor Q 4 stops the supply of charging current to 

30 the ultracapacitors CrC n in the event of an over voltage condition. In step 310, 
the voltage setting transistor Q5 stops the supply of charging current to the 
ultracapacitors Ci-C n if the desired voltage across the bank of ultracapacitors 
Ci-C n has been attained. In step 312, the ultracapacitors Ci-C n , discharge via 
the bypass diode D2, bypassing the charging current limiter 208. 

35 Figure 19 shows a power system 500 for supplying power to a 

load 12 via rails 556a, 556b of a DC bus. The power system 500 receives 
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power from a power grid 502, typically in the form of three-phase AC power. 

The power system 500 comprises one or more rectifier arrays 504(1 )-504(n), 

which receive the AC power from the power grid 502 and rectify the power. 

The rectified power may be supplied to the load 12 via the DC bus 556a, 556b. 
5 The array of rectifiers 504(1 )-504(n) serves as a primary source of DC power to 

continuously power the load 12, and to recharge a variety of electrical power 

storage devices 24. 

The power system 500 includes an array of one or more fuel cell 

hybrid modules 510(1)-510(n). The array of fuel cell hybrid modules 510(1)- 
10 510(n) provide continuous backup power to the load 12 via the DC bus 556a, 

556b, for example, in the event of an interruption of the power grid 502. 

The power system 500 may also include an array of one or more 

ultracapacitor battery simulators 200(1 )-200(n) that may store energy for load 

bridging and providing surge {i.e., demand) power. Additionally, or 
15 alternatively, the power system 500 may include a fly wheel battery simulator 

506, that may store energy for load bridging and providing surge power. The fly 

wheel battery simulator 506 may employ circuitry similar to that described for 

the ultracapacitor battery simulator 200. Additionally, or alternatively, the power 

system 500 may include one or more rechargeable batteries 508 that store 
20 energy for load bridging and providing surge power. These electrical power 

storage devices may supply power to the load 12 via the DC bus formed by 

rails 556a, 556b. 

Figure 20 shows a fuel cell hybrid module array 510, suitable for 
use in the power system 500 of Figure 19. The fuel cell hybrid module array 

25 510 includes first and second fuel cell stacks 14 electrically coupled in series 
and associated balance of plant 202, regulator 517 (e.g., series pass element 
32 and regulating circuit 34 of Figures 1 and 11) and anultracapacitor battery 
simulator array 200. The fuel cell hybrid module array 510 may also include a 
electrical power storage device 509, such as ultracapacitor battery simulators 

30 200(1 )-200(n), fly wheel battery simulator 506, or rechargeable batteries 508 of 
Figure 19. The ultracapacitor battery simulator arrays 200 provide dynamic 
response for the fuel cell hybrid modules, supplying and absorbing current 
quickly in response to load requirements, while stacks 14 and balance of plants 
202 respond more slowly. Electrical power storage device 509 provides 

35 energy for load bridging and providing surge power. This configuration may 
permit a smaller number of ultracapicitors to be used in battery simulator arrays 
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200 than would be the case if they were also required to provide load bridging 
and surge capacity. In some embodiments, in turn, this may result in an overall 
reduction in the number of ultracapacitors employed in the power plant. 

Auxiliary devices, such as hydrogen supply solenoid valves 210 
5 (or ventilation fans or flow switches (not shown)), can be powered from center 
bus 556a. One or more equalizing circuits may be employed to aid in system 
startup by balancing the load to provide a reference. The equalizing circuits 
may take the form of a string of resistors 212 between bus 556a, 556b and 
556c. Other active or passive means of balancing the load on center bus 556a 

10 may also be employed, if desired, such as an active controller that shares a 
load to maintain a particular voltage level. 

Figure 21 shows a two-dimensional array 468 of fuel cell systems 
10, arranged in a number M of rows and a number N of columns to form a 
power system for powering one or more loads 12 via the power bus 456a, 

15 456b. The fuel cell systems 10 are individually referenced 10(1,1) - 10(M,N) 
where the first number in the parentheses refers to a row position and the 
second number in the parentheses refers to a column position of fuel system 10 
in the two-dimensional array 468. The ellipses in Figure 21 illustrate that 
various rows and columns of the two-dimensional array 468 may comprise 

20 additional fuel cell systems (not explicitly shown). While not illustrated, other 
multi-dimensional arrays of fuel cell systems 10 are also possible, for example, 
three-dimensional arrays of fuel cell systems 10. 

The two-dimensional array 468 of Figure 21 is similar to that of 
Figure 3, however, comprises links 490 electrically coupling the fuel cell 

25 systems 10 forming a row (e.g., 10(3,1), 10(3,2), 10(3,3), . .. 10(3,N)) for 
providing at least N+1 redundancy. The two-dimensional array 468 may omit 
the diodes 58, fault and redundancy switches 60, 62, and other elements of the 
previously discussed embodiments. The links 490 provide redundancy, 
preventing the failure of a single fuel cell system 10 from eliminating an entire 

30 voltage string (column). For example, without the links 490, if fuel cell system 
10(2,1) was to fail, then fuel cell systems 10(1,1), 10(3,1) through 10(M,1) 
would be unavailable. The links 490 prevent the loss of any individual fuel cell 
system 10 in a column from hindering the ability to fully supply the load 12. As 
discussed below, the links 490 may be tapped or may form taps, to produce 

35 desired potentials on the rails of voltage buses. 
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Figure 22 shows an embodiment of the two-dimensional array 468 
capable of providing multiple voltage levels with at least N+1 redundancy. A 
second column of fuel cell systems 10(1,2), 10(2,2), 10(3,2) . . . 10(M,2) can 
supply 40 amps at Mx24 volts to a first load 12a via a voltage bus form by taps 
5 or rails 456a, 456b. A third column of fuel cell systems 10(1,3), 10(2,3) can 
supply 40 amps at 48 volts to a second load 12b via a second voltage bus 
formed by taps or rails 456b, 456c. A third column of fuel cell systems 10(1,4) 
can supply 40 amps at 24 volts to a third load 12c via a voltage bus formed by 
taps or rails 456b, 456d. If the load requires more current, additional columns 
10 of fuel cell systems 10 can be added between the rails of the corresponding 
voltage bus. Thus in the exemplary system, current can be increased in 
multiples of 40 amps by adding fuel cell systems 1 0 to the array 468. 

A first column of fuel cell systems 10(1,1), 10(2,1), 10(3,1) . . . 
10(M,1) provides redundancy for each of the other fuel cell systems 10 in the 
15 two-dimensional array 468. The number of fuel cell systems 10 in the first 
column is equal to the number of fuel cell systems 10 in the largest column of 
the array 469 to ensure at least N+1 redundancy. By employing a single 
column of fuel cell systems 10(1,1)-10(M,1), redundancy is provided to each of 
the other columns, without the need to provide specific fuel cell systems for 
20 each column. This obtains at least the desired N+1 redundancy with fewer fuel 
cell system 10 then in previously described embodiments. 

Figure 23 illustrates another embodiment of a two-dimensional 
array 468 of fuel cell systems 10 suitable for supplying multiple bipolar voltage 
levels with redundancy. The second column of fuel systems 10(-2,2), 10(-1,2), 
25 10(1,2), 10(2,2), 10(3,2), 10(4,2), 10(5,2) is capable of supplying 40 amps at 
120 volts to the first load 12a via a voltage bus formed by taps or rails 456a, 
456b. A third column of fuel cell systems 10(-2,3), 10(-1,3), 10(1,3), 10(2,3) is 
capable of supplying 40 amps at +48 volts to the second load 12b via a voltage 
bus formed by taps or rails 456a, 456c, or supplying 40 amps at -48 volts to a 
30 third load 12C via a voltage bus formed by taps or rails 456a, 456d. A fourth 
column of fuel cell systems 10(-1,4), 10(1,4) is capable of supply 40 amps at 
+24 volts to a fourth load 12d via voltage bus formed by taps or rails 456a, 
456e, or supplying 40 amps at -24 volts to a fifth load 12e via voltage bus 
formed by taps or rails 456a, 456f. Again, a first column of fuel cell systems 
35 10(-2,1), 10(-1,1), 10(1,1), 10(2,1), 10(3,1), 10(4,1), 10(5,1) provides at least 
N+1 redundancy to all the remaining fuel cell systems 10 in the array 468. 
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While not illustrated, the array 468 may employ one or more 
equalizing circuits to aid in system startup by balancing the load to provide a 
reference. The equalizing circuits may be as described in relation to Figure 20, 
above. Where the fuel cell systems 10 employ ultracapacitors, for example, 
5 equalizing devices for the intermediate voltages across any number of series 
connected fuel cell systems 10 may be added to improve the source impedance 
(stiffness) of the intermediate buses. 

The embodiment of Figure 23 is particularly suitable for providing 
power conditioning and/or power backup in telephone related applications, such 
10 as telephone switching offices which typically employ 24 volts for wireless 
communications such as Personal Communications Services (PCS) and 
microwave repeater stations, 48 volts for traditional communications via wire 
(Wireline), and 120 volts DC for switching operations and substations. 



Example 

15 Figures 24 and 25 are schematic illustrations of conventional 

back-up or UPS systems. In Figure 24, power grid 502 normally supplies 
power to rectifier 504 and other AC loads such as lighting, HVAC, and other 
equipment. Rectifier 504 converts the AC power from the grid to DC power and 
directs it to DC power distribution panel 512. From panel 512 power may be 

20 directly supplied to compatible voltage DC loads. Power may also be directed 
to DC/DC converter 514, which converts it to a different voltage for use by other 
DC loads; or to inverter 516, which converts the power to an AC source for use 
by AC loads. If the grid fails, power is supplied by battery bank 518 to panel 
512. Battery bank 518 will be sized to provide adequate power to critical loads 

25 for the desired amount of time. Standby generator 520 is brought online by 
switch 152 to provide power if the grid is interrupted for an extended period. 

In Figure 25, power from the grid is normally supplied from AC 

power distribution panel 51 2 to AC loads directly, to - 48 VDC loads via rectifier 

156, and/or to other DC loads via AC/DC converter 158. If the grid fails, power 

30 is supplied by battery bank 518 to inverter 154, which converts the DC source 
to an AC source. As in Figure 24, standby generator 520 is brought online to 
provide power if the grid is interrupted for an extended period. 

Figures 26 - 29 are schematic illustrations of conventional VRLA 
power supply systems and embodiments of the present power plant. 
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The systems illustrated in Figures 26 and 27 are capable of 
providing power at 40,0 A/48 VDC for 4 hours (400A 4 hr back-up). In Figure 
26, the power grid normally supplies load power via rectifier 504. When the 
power grid is interrupted, VRLA batteries 530 in battery bank 518 provide load 
5 power. Once the grid is restored, it supplies power to rectifier 532 in order to 
recharge battery bank 518. 

The embodiment of Figure 27 comprises an array 468 of fuel cell 
systems 10 configured to provide 400 A/48 VDC power. Array 468 has ten sets 
of two fuel cell systems: the two fuel cell systems in each set electrically 
. 10 coupled in series, with each set electrically coupled in parallel. Each fuel cell 
system 10 comprises a 47-cell PEM fuel cell stack producing 1 kW at 24 volts 
and 40 amps, electrically coupled in parallel to two 12 VDC VRLA batteries. 
When grid power is interrupted, hydrogen from hydrogen supply 540 is supplied 
to the fuel cells of array 468 via supply line 542; air is also supplied to the fuel 

15 cells from an appropriate air supply (not shown). Electric power generated by 
array 468 is then supplied to the load. Once grid power is restored, it supplies 
power to rectifier 504 in order to recharge the batteries of fuel cell systems 10, if 
required. In Figure 27, hydrogen supply 540 is a 100 gal. (380 !) 3600 psi (25 
MPa) hydrogen tank, which holds sufficient hydrogen for array 468 to 

20 continuously supply load power for 4 hours. 

The dimensions, weight and footprint of the 400A 4 hour systems 
of Figures 26 and 27 are summarized in Table 1. The size and weight of 
battery bank 518 is based on currently-available VRLA battery banks. The 
battery bank rating used in the comparison is based on a 1 0X recharge rate 

25 and assumes a constant current load. The rectifier rating is based on the load 
current plus a 0.1 C battery charging current. Front clearance refers to area 
between adjacent walls and the back and sides of the power supply required by 
safety regulations. 



31 



WO 03/098730 PCT/CA03/00703 



Table 1 : Comparison of 400 A/48 VDC 4 hour back-up power systems 



VRLA Battery Bank 


Fuel Cell Array 


Battery 
Rating 


3000 A-hr 


Array Rating 


— _ ^^^^ M B^^^k ^^^^ 

400 A @ 48 VDC 


Battery Size 


Width: 93 in (236 cm) 


Array Size 


Width: 48 in (122 cm) 


Depth: 21 in (53 cm) 

www lr m 9 9 9 9 9 m m m wmw mm* wmww M 


Depth: 36 in (91 cm) 

mMmr ^mr www mw V w ^mr ^wr www w, ^mr w w www 


Heiqht: 72 in (183 cm) 

• ■ www » ■ ■ * * • 9mm 9 9 9 » • mW wmw m** 9 9 9 M 


Height: 84 in (213 cm) 

■ • wmw ■ wtmw, ■ t % * wmw m VII \ ■ w^ ^wr w 99m 


Battery 
Weight 


13,725 lbs. (6020 kq) 

9 wmT 1 ■ 9mm mw 9 WWW wmT * * 9*r mw 9mm mm* 9 / f 


Array Weight 


2000 lbs (910 kg) 

WWW WW Wwr WMW 9 m^^ WMW WV WW* V WWW I ~ M 


Footprint 


13.6 ft 2 (1.3 m 2 ) 


Footprint 


12.0 ft 2 (1.1 m 2 ) 


Floor 

• 1 mm Ww* I 

Loading 


979 lbs./ft 2 (149kgf/m 2 ) 




167 lbs./ ft 2 (25.3 
kgf/m 2 ) 


Rectifier 
Rating 


700 A @ 54 VDC 


Rectifier 

■ ^ a 9 

Rating 


410 A @ 54 VDC 


Rectifier Size 


Width: 48 in (122 cm) 


Rectifier Size 


Width: 24 in (61 cm) 


Depth: 21 in (53 cm) 


Depth: 36 in (91 cm) 


Height: 72 in (183 cm) 

\m* \ t 


Height: 72 in (183 cm) 

WmW \ # 


Rectifier 
Footprint 


7.0 ft 2 (0.65 m 2 ) 


Rectifier 
Footprint 


6.0 ft 2 (0.56 m 2 ) 


Front 
Clearance 


Width: 141 in (358 cm) 


Front 
Clearance 


Width: 72 in (183 cm) 


Depth: 36 in (91 cm) 


Depth: 36 in (91 cm) 


Clearance 
Footprint 


35.3 ft 2 (3.3 m 2 ) 


Clearance 
Footprint 


18.0 ft 2 (1.7 m 2 ) 


Total 
Footprint 


55.9 ft 2 (5.2 m 2 ) 


Total Footprint 


36 ft 2 (3.3 m 2 ) 



The systems illustrated in Figures 28 and 29 are configured to 
provide 400 A/48 VDC power for 8 hours (400A 8 hr back-up). Array 468 is as 
described in Figure 27. Because of the longer run time, hydrogen storage 540 
5 in Figure 29 comprises 2 x 100 gal. (380 I) 3600 psi (25 MPa) hydrogen tanks. 

The dimensions, weight and footprint of the 400A 8 hour systems 
of Figures 28 and 29 are summarized in Table 2. The comparative data is 
based on the same assumptions given for the data in Table 1 . 
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Table 2: Comparison of 400 A/48 VDC 8 hour back-up power systems 



VRLA Battery Bank 



Fuel Cell Array 



battery 
Rating 


oooo A-nr 


Array Kating 




Battery Rating 


104A-hr 


Battery Size 


Width: 165 in (420 cm) 


Array Size 


Width: 48 in (122 cm) 


Depth: 21 in (53 cm) 


Depth: 36 in (91 cm) 


Height: 72 in (183 cm) 


Height: 84 in (213 cm) 


Battery 
Weight 


23,585 lbs. (10,700 kg) 


Array Weight 


2000 lbs (910 kg) 


Footprint 


24.1 ft 2 (2.2 m 2 ) 


Footprint 


12.0 ft 2 (1.1 m 2 ) 


Floor 
Loading 


979 lbs./ft 2 (149kgf/m 2 ) 




167 lbs./ ft 2 (25.3 
kgf/m 2 ) 


Rectifier 
Kating 


— — — — — 
933 A @ 54 VDC 


Rectifier 
Kating 


410 A @ 54 VDC 


Rectifier Size 


Width: 72 in (183 cm) 


Rectifier Size 


Width: 24 in (61 cm) 


Depth: 21 in (53 cm) 


Depth: 36 in (91 cm) 


Height: 72 in (183 cm) 


Height: 72 in (183 cm) 


Rectifier 
Footprint 


10.5 ft 2 (0.98 m 2 ) 


Rectifier 
Footprint 


6.0 ft 2 (0.56 m 2 ) 


Front 
Clearance 


Width: 237 in (602 cm) 


Front 
Clearance 


Width: 72 in (183 cm) 


Depth: 36 in (91 cm) 


Depth: 36 in (91 cm) 


Clearance 
Footprint 


59.3 ft 2 (5.5 m 2 ) 


Clearance 
Footprint 


18.0 ft 2 (1.7 m 2 ) 


Total 
Footprint 


93.9 ft 2 (8.7 m 2 ) 


[Total 
Footprint 


36 ft 2 (3.3 m 2 ) 



As previously mentioned, there are environmental concerns 
relating to current VRLA battery-based power supplies. Environmental 
regulations relating to the storage and operation of the batteries increases the 
5 cost of the power supply. Furthermore, the risk of liability for hazardous/toxic 
site clean-up in the event of an accidental discharge of battery components is 
significant. 

As shown in Tables 1 and 2, even embodiments of the present 
power plant incorporating VRLA batteries significantly reduce the costs and 
10 potential environmental liability associated with current VRLA battery-based 
power supplies. For example, the power supply of Figure 27 requires 95.4% 
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less batteries than the conventional system of Figure 26. Between the power 
supplies of Figures 28 and 29, there is a 97.4% reduction in the number of 
VRLA batteries employed. Of course, in other embodiments of the present 
power supply, VRLA batteries may be eliminated entirely. 

5 Tables 1 and 2 also show the reduction in weight and footprint of 

the present power supply compared to conventional VRLA battery-based power 
supplies. The embodiments of Figures 27 and 29 represent an area savings of 
19.9 ft 2 (1.9 m 2 ) and 57.9 ft 2 (5.4 m 2 ), respectively, compared to the 
conventional systems. For many point-of-presence applications, where the 

10 costs of housing the power supply can reach or exceed $US 650.00/ ft 2 , the 
smaller footprint of the present power plant alone can provide significant cost 
savings. Additional cost savings may be realized due to the smaller size and 
footprint of the rectifier required for the embodiments of the present power plant 
compared to the conventional power supplies. 

15 The data in Tables 1 and 2 does not take into account the 

dimensions and footprint of the hydrogen storage associated with the power 
plants of Figures 27 and 29. This is because the hydrogen storage does not 
have to be situated with the rest of the power plant. In conventional power 
supplies, the batteries are both the energy storage device and the electrical 

20 power source. As a practical matter, the battery banks must be situated close 
to the power distribution panel and/or load, since power losses in DC systems 
increase dramatically with the distance from the power source. In the present 
power plant, the energy storage device is decoupled from the electrical power 
source; hence, the hydrogen storage equipment may be placed any desired 

25 distance from the fuel cell array. Thus, it is not necessary to store the hydrogen 
storage equipment indoors with the rest of the present power plant and, 
therefore, to include it in the footprint analysis. 

The decoupling of energy storage and power supply in the 
present power plant may provide significant advantages over current battery 

30 systems. Hydrogen storage equipment could be placed outside, in an out- 
building or in an underground facility, for example. In certain telecom 
applications, for example, communications equipment is often situated on the 
roof of a building. Most building codes will not permit a VRLA battery bank to 
be installed on the roof, so the back-up power supply must be installed some 

35 distance from the equipment. As mentioned earlier, this arrangement can result 
in significant power losses in providing power from the batteries to the load(s). 
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With the present power plant, on the other hand, the fuel cell array may be 
installed on the roof, because of its lower floor loading, and hydrogen could be 
supplied from hydrogen storage equipment located any distance from the 
equipment, without an attendant power loss. 
5 Furthermore, a low-cost underground facility could be used for the 

hydrogen storage equipment. Indeed, it may be possible to simply bury 
hydrogen tanks, for example, near the facility housing the fuel cell array: this is 
because hydrogen does not contaminate groundwater, but will percolate out of 
the soil in case of a leak. The fact that hydrogen does not pollute groundwater 

10 means that expensive containment vessels, such as required for diesel or other 
fuel tanks, are not required. Thus, hydrogen storage may be less costly and 
more environmentally friendly than other options. 

In fact, conventional power supplies, such as shown in Figures 26 
or 28, could be upgraded to an embodiment of the present power supply by 

15 replacing the battery bank with a. suitably sized fuel cell array and hydrogen 
storage. Existing rectifiers employed for recharging the batteries could be 
eliminated or used to increase the output of the power supply. Take, for 
example, the conventional 400 A 4 hour back-up power supply of Figure 26. 
Because the fuel cell array 468 of the present power plant does not require 

20 rectifier 532 for recharging, two rectifiers 504 may be employed to supply load 
power, if desired. Thus, the power supply of Figure 26 could be upgraded to a 
800 A power supply. Furthermore, by suitably selecting the capacity of the 
hydrogen storage, the upgraded system could supply back-up power for 4 - 8 
hours, or more. At the same time, the upgraded system would have a smaller 

25 footprint. 

While the illustrated embodiments are described as - 48 VDC 
systems, the present power plant is not limited to such systems. For example, 
the present power plant may be configured like array 468 of Figure 23 in order 
to supply DC power at 24, 48 and 120 V, or otherwise configured to supply DC 
30 power of any desired voltage(s). Similarly, the present power plant may be 
configured to provide AC power. For example, by substituting rectifier 504 in 
Figure 27 or 29 with an inverter, the illustrated embodiments would be suitable 
for use as an AC power supply system. 
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Conclusion 

The disclosed embodiments provide a "building block" or 
"component" approach to the manufacture of power supply systems, allowing a 
manufacturer to produce a large variety of power supply systems from a few, or 
5 even only one, basic type of fuel cell system 10. This approach may lower 
design, manufacturer and inventory costs, as well as providing redundancy to 
extend the mean time between failures for the resulting end user product (i.e., 
the power system). This approach may also simplify and reduce the cost of 
maintenance or repair. 

10 Although specific embodiments of, and examples for, the power 

supply system and method are described herein for illustrative purposes, 
. , various equivalent modifications can be made without departing from the spirit 
and scope of the invention, as will be recognized by those skilled in the relevant 
art. For example, the teachings provided herein can be applied to fuel cell 

15 systems 10 including other types of fuel cell stacks 14 or fuel cell assemblies,, 
not necessarily the polymer exchange membrane fuel cell assembly generally 
described above. Additionally or alternatively, the fuel cell system 10 can 
interconnect portions of the fuel cell stack 14 with portions of the electrical 
power storage device, such as cells of the battery, flywheel, or ultracapacitor 

20 bank 24. The fuel cell system 10 can employ various other approaches and 
elements for adjusting reactant partial pressures, or may operate without regard 
to partial pressure. The various embodiments described above can be 
combined to provide further embodiments, 

Generally, the present power plant may be employed in a back-up 

25 power or UPS system for a range of applications, including, but not limited to: 

1 . Network server farms: LAN/WAN equipment such as hubs and routers. 

2. Communications: CATV, radio, telecommunications storage systems and/or 
servers, wireless base stations, microwave repeater stations, radar tracking 

30 systems. 

3. Computer rooms: small and mid-range servers, large enterprise servers, 
data storage systems, network computer clusters, internet data centers. 

4. Desktop/Workstations: stand-alone PCs, workstations and computer 
peripherals. 
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5. Industrial/Commercial: process control equipment, medical equipment, 
laboratory instrumentation, traffic management systems, security 
equipment, point of sale equipment. 

5 In addition, the present power supply may also be used in peak 

power or distributed power applications. 

The present power plant and operating method provide for a 
system that is smaller and lighter than conventional power supply systems 
employing VRLA batteries. The present power plant alsos provide for "instant 

1 0 on" operation with individual fuel cell systems that are "hot swappable". 

Aspects of the invention can be modified, if necessary, to employ 
systems, circuits and concepts of the various patents, applications and 
publications to provide yet further embodiments of the invention. These and 
other changes can be made to the invention in light of the above-detailed 
description. In general, in the following claims, the terms used should not be 
construed to limit the invention to the specific embodiments disclosed in the 
specification claimed, but should be construed to include all fuel cell systems 
that operate in accordance with the claims. Accordingly, the invention is not 
limited by the disclosure but instead its scope is to be determined entirely by 
the following claims. 
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CLAIMS 

We/I claim: 

1 . An electric power plant, comprising 

an array of fuel cell systems, the array comprising, 
a power bus, 

a first and second fuel cell system, each fuel cell system 
comprising a fuel cell stack, an electrical power storage device 
electrically coupled in parallel with the fuel cell stack, and means for 
controlling a flow of current from the fuel cell stack to the electrical power 
storage device and the power bus, and 

means for selectively electrically coupling the at least two 
fuel cell systems in series in the power bus. 

2. The power plant of claim 1 wherein the first fuel cell system 
comprises a first fuel cell stack, a first electrical storage device electrically 
coupled in parallel with the first fuel cell stack, a first series pass element 
electrically coupled in between the first fuel cell stack and the first electrical 
storage device, and a first regulating circuit controllingly coupled to the first 
series pass element, and wherein the second fuel cell system comprises a 
second fuel cell stack, a second electrical storage device electrically coupled in 
parallel with the second fuel cell stack, a second series pass element 
electrically coupled between the second fuel cell stack and the second electrical 
storage device, and a second regulating circuit controlling coupled to the 
second series pass element. 

3. The power plant of claim 1 wherein the first fuel cell system 
comprises a first fuel cell stack, and a first reactant supply system having a first 
control element operable to control a partial pressure of at least a first reactant 
to the first fuel cell stack, and wherein the second fuel cell system comprises a 
second fuel cell stack, and a second reactant supply system having a second 
control element operable to control a partial pressure of at least a first reactant 
to the second fuel cell stack. 

4. The power plant of claim 1 wherein the means for 
selectively electrically coupling the first and second fuel cell systems in series 
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comprises a respective switch for each of the first and second fuel cell systems, 
each of the switches responsive to an operating condition of at least one of the 
other fuel cell systems. 

5. The power plant of claim 1 wherein the means for 
selectively electrically coupling the first and second fuel cell systems in series 
comprises a respective first switch and second switch for each of the fuel cell 
systems, each of the first switches responsive to an operating condition of at 
least one of the other fuel cell systems and each of the respective second 
switches responsive to an operating condition of the respective fuel cell system. 

6. The power plant of claim 1 wherein the means for 
selectively electrically coupling the first and second fuel cell systems in series 
comprises a controller responsive to a request for at least one of a desired 
power output, a desired current output and a desired voltage output of the 
power supply system. 

7. The power plant of claim 1 , further comprising a third fuel 
cell system and means for selectively electrically coupling the third fuel cell 
system in series in the power bus. 

8. The power plant of claim 1, further comprising a third fuel 
cell system and means for selectively electrically coupling the third fuel cell 
system in the power bus in parallel with at least one of the first and the second 
fuel cell systems. 

9. The power plant of claim 1 wherein the means for 
selectively electrically coupling the first and second fuel cell systems in series 
comprises a first switch selectively operable according to an operating condition 
of the first fuel cell system, the power plant further comprising a first 
redundancy switch electrically coupled in series with the first switch and 
selectively operable therewith to electrically couple the first fuel cell system in 
series to the power bus, the first redundancy switch being selectively operable 
according to at least one of an operating condition of at least the second fuel 
cell system, a voltage across the power bus, a desired output of the power 
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supply system and a desired nominal current output of the power supply 
system. 

10. The power plant of claim 1 wherein each of the fuel cell 
systems comprises a fuel cell stack and an electrical power storage device 
electrically coupled in parallel with the fuel cell stack, the electrical pow ( er 
storage device comprising at least one of a battery and an ultracapacitor 
electrically coupled to a charging current limiter. 

11. An electric power plant, comprising: 

an array of fuel cell systems, the array comprising, 
a power bus, 

a plurality of fuel cell systems electrically couplable in 
series to the power bus, each of the fuel cell systems comprising a fuel 
cell stack, 

an electrical storage device electrically coupled in parallel 
with at least one of the fuel cell stacks, and 

redundancy means for selectively electrically coupling a 
respective first one of the plurality of fuel cell systems in series to the 
power bus, the first redundancy means responsive to an operating 
condition different from the operating condition of the respective first one 
of the plurality of fuel cells. 

12. The power plant of claim 11 wherein the redundancy 
means comprises at least a first redundancy switch selectively operable to 
electrically couple the respective first one of the plurality of fuel cell systems in 
series to the power bus. 

13. The power plant of claim 12 wherein the redundancy 
means further comprises an additional number of redundancy switches, each of 
the additional number of redundancy switches selectively operable to 
electrically couple a respective one of the fuel cell systems to the power bus in 
response to an operating condition different from the operating condition of the 
respective one of the fuel cell systems. 
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14. The power plant of claim 11 wherein each of the fuel cell 
systems further comprise a number of sensors for determining a set of 
operating parameters of the respective fuel cell system and a processor 
configured to determine an operating condition of the respective fuel cell 
system based on the determined set of operating parameters, and wherein the 
operating condition that the redundancy means is responsive to is the operating 
condition determined by at least one of the processors. 

15. The power plant of claim 11 wherein the operating 
condition that the redundancy means is responsive to is at least one of a power 
output of the power bus, a voltage across the power bus and a current output of 
the power bus. 

16. The power plant of claim 11 wherein the operating 
condition that the redundancy means is responsive to is at least one of a 
desired nominal power output of the power supply system, a desired nominal 
voltage output of the power supply system, and a desired nominal current 
output of the power supply system. 

17. The power plant of claim 1 1 , further comprising: 

a controller communicatingly coupled to receive a set of operating 
parameters from each of the plurality of fuel cell systems, the controller 
configured to determine an operating condition of the fuel cell systems based 
on the received sets of operating parameters, and wherein the operating 
condition that the redundancy means is responsive to is the operating condition 
determined by the controller. 

18. The power plant of claim 1 1 wherein the array comprises a 
first set of the fuel cell systems electrically couplable to the power bus and 
electrically couplable in series to each other, and wherein the first set of the fuel 
cell systems includes at least one redundant fuel cell system. 

* 

19. The power plant of claim 18 wherein the array further 
comprises a second set of the fuel cell systems, wherein the second set of the 
fuel cell systems is electrically couplable to the power bus and electrically 
couplable in series to each other; the second set is electrically couplable in 
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parallel to the first set; and at least one of the first and second sets of the array 
includes at least one redundant fuel cell system. 

20. An electric power plant, comprising: 

an array of fuel cell systems, the array comprising, 
a power bus, 

a first set of fuel cell systems electrically coupled in series 
to one another and operable to produce a first voltage there across; 

a second set of fuel cell systems electrically coupled in 
series to one another and operable to produce a voltage there across, 
where each of the fuel cell systems in the second set of fuel cell systems 
is electrically coupled in parallel to a respective one of the fuel cell 
systems in the first set of fuel cell systems, wherein each of the fuel cell 
systems comprises a fuel cell stack, an ultracapacitor electrically coupled 
in parallel with the fuel cell stack, a charging current limiter electrically 
coupled to limit a charging current from the fuel cell stack to the 
ultracapacitor and a charging current limiter bypass device electrically 
coupled to provide a discharge path from the ultracapacitor bypassing 
the charging current limiter. 

21 . The power plant of claim 20, further comprising: 

a third set of fuel cell systems electrically coupled in series to one 
another and operable to produce a voltage there across, where each of the fuel 
cell systems in the third set of fuel cell systems is electrically coupled in parallel 
to a respective one of the fuel cell systems in the second set of fuel cell 
systems. 

22. The power plant of claim 20 wherein the number of fuel cell 
systems in the first set of fuel cell systems is equal to the number of fuel cell 
systems in the second set of fuel cell systems and wherein the number of fuel 
cell systems in the third set of fuel cell systems is less than the number of fuel 
cell systems in the second set of fuel cell systems. 

23. The power plant of claim 20, further comprising: 

a first tap electrically coupled to a first end of the first and the 
second sets of fuel cell systems to provide a first potential; 
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a second tap electrically coupled to a second end of the first and 
the second set of fuel cell systems to provide a second potential; and 

a third tap electrically coupled to a first end of the third set of fuel 
cell systems to provide a third potential, different from the first and the second 
potentials, where the first tap and second tap form a first voltage bus and the 
first tap and the third tap form a second voltage bus. 

* 

24. The power plant of claim 20, further comprising: 

a fourth set of fuel cell systems electrically coupled in series to 
one another and operable to produce a voltage there across, where each of the 
fuel cell systems in the fourth set of fuel cell systems is electrically coupled in 
parallel to a respective one of the fuel cell systems in the third set of fuel cell 
systems. 

25. The power plant of claim 24 wherein the number of fuel cell 
systems in the fourth set is one. 

26. The power plant of claim 24 wherein the number of fuel cell 
systems in the first set of fuel cell systems is equal to the number of fuel cell 
systems in the second set of fuel cell systems and wherein the number of fuel 
cell systems in the third set of fuel cell systems is less than the number of fuel 
cell systems in the second set of fuel cell systems and the number of fuel cell 
systems in the fourth set of fuel cell systems is less than the number of fuel cell 
systems in the third set of fuel cell systems. 

27. The power plant of claim 24, further comprising: 

a first tap electrically coupled to a first end of the first and the 
second sets of fuel cell systems to provide a first potential; 

a second tap electrically coupled to a second end of the first and 
the second set of fuel cell systems to provide a second potential; 

a third tap electrically coupled to a first end of the third set of fuel 
cell systems to provide a third potential, different from the first and the second 
potentials; and 

a fourth tap electrically coupled to a first end of the fourth set of 
fuel cell systems to provide a fourth potential, where the first tap and second 
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tap form a first voltage bus, the first tap and the third tap form a second voltage 
bus, and the first tap and the fourth tap forms a third voltage bus. 

28. The power plant of claim 20, further comprising: 

a first tap electrically coupled between a first and a second end of 
the first and the second sets of fuel cell systems to provide a reference 
potential; 

a second tap electrically coupled to the first end of the first and 
the second sets of fuel cell systems to provide a first potential, the first potential 
above the reference potential; 

a third tap electrically coupled to the second end of the first and 
the second sets of fuel cell systems to provide a second potential, the second 
potential below the reference potential; 

a fourth tap electrically coupled to a first end of the third set of fuel 
cell systems to provide a third potential, the third potential above the reference 
potential and below the first potential; 

a fifth tap electrically coupled to a first end of the fourth set of fuel 
cell systems to provide a fourth potential, the fourth potential above the 
reference potential and below the third potential; and 

■ 

a sixth tap electrically coupled to a second end of the fourth set of 
fuel cell systems to provide a fifth potential, the fifth potential below the 
reference potential and above the second potential. 

29. The power plant of claim 28 wherein the first tap and 
second tap form a first voltage bus, the first tap and the third tap form a second 
voltage bus, and the first tap and the fourth tap forms a third voltage bus, the 
first tap and the fifth tap form a fourth voltage bus, and the first tap and the sixth 
tap form a fifth voltage bus. 

30. The power plant of claim 28 wherein the first potential is 
approximately 120 volts above the reference potential, the second potential is 
approximately 48 volts below the reference potential, the third potential is 
approximately 48 volts above the reference potential, the fourth potential is 
approximately 24 volts above the reference potential and the fifth potential is 
approximately 24 volts below the reference potential. 
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31 . The power plant of any of claims 1 - 30, further comprising 
an oxidant supply system for supplying an oxidant to the fuel cell systems. 

32. The power plant of any of claims 1 - 30, further comprising 
a fuel supply system for supplying a fuel gas to the fuel cell systems. 

33. The power plant of claim 32 wherein the fuel supply system 
comprises hydrogen storage equipment. 

34. The power plant of claim 32 wherein the fuel supply system 
comprises pressurized hydrogen tanks. 

35. The power plant of any of claims 1 - 30, further comprising 
a rectifier electrically couplable to the fuel cell systems and an AC power 
source. 

36. The power plant of any of claims 1 - 30, further comprising 
an inverter electrically couplable to the array. 

37. An electrical circuit for use in a power system, comprising: 
a number of ultracapacitors electrically coupled in series; 

a charging current limiter electrically coupled in series with the 

ultracapacitors; and 

a bypass element electrically coupled across the charging current 
limiter and operable to provide a path bypassing the charging current limiter. 

38. The electrical circuit of claim 37 wherein the bypass 
element is a bypass diode. 

39. The electrical circuit of claim 37, further comprising: 

for each of the ultracapacitors, a number of surge diodes 
electrically coupled across a respective one of the ultracapacitors. 
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40. The electrical circuit of claim 37, further comprising: 

for each of the ultracapacitors, a number of surge diodes, 

electrically coupled across a respective one of the ultracapacitors, wherein one 

of the number of surge diodes is a zener diode. 



41 . The electrical circuit of claim 37, further comprising: 

for each of the ultracapacitors, a number of surge diodes 
electrically coupled across a respective one of the ultracapacitors wherein the 
sum of voltages of the surge diodes is approximately equal to a voltage rating 
of the respective ultracapacitor. 

42. The electrical circuit of claim 37, further comprising: 

a reverse current blocking diode electrically coupled in parallel 
with the number of ultracapacitors and the charging current limiter. 

43. The electrical circuit of claim 37 wherein the charging 
current limiter is electrically coupled between a first and a last one of the 
number of ultracapacitors taken in an order defined by the series electrical 
coupling of the ultracapacitors. 

44. The electrical circuit of claim 37 wherein the charging 
current limiter is electrically coupled before a first one of the number of 
ultracapacitors taken in an order defined by the series electrical coupling of the 
ultracapacitors. 

45. The electrical circuit of claim 37 wherein the charging 
current limiter is a linear mode circuit controller. 



46. The electrical circuit of claim 37 wherein the charging 
current limiter is a switch mode current controller. 



47. The electrical circuit of claim 37, further comprising: 
a fuel cell stack electrically coupled in parallel with the number of 
ultracapacitors. 
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48. An electrical circuit for use in a power system, comprising: 
a number of ultracapacitors electrically coupled in series; 

a linear mode charging current limiter electrically coupled in series 
with the ultracapacitors; and 

a bypass element electrically coupled across the charging current 
limiter and to selectively provide a bypass of the charging current limiter. 

49. The electrical circuit of claim 48 wherein the linear mode 
charging current limiter comprises: 

a charging current limiting transistor comprising a pair of active 
terminals and a control terminal, the active terminals electrically coupled in 
series with the ultracapacitors to pass a charging current through the 
ultracapacitors in response to a charging voltage exceeding a threshold 
voltage; and 

a feedback transistor electrically coupled to control the charging 
current limiting transistor to limit the charging current to a threshold current. 

50. The electrical circuit of claim 48 wherein the charging 
current limiter comprises: 

a charging current limiting comprising a pair of active terminals 
and a control terminal, the active terminals electrically coupled in series with the 
ultracapacitors, and a control terminal electrically coupled across a power bus; 

a zener diode electrically coupled between a portion of the power 
bus and the control terminal of the charging current limiting transistor to set a 
turn-on voltage; and 

a feedback transistor comprising a pair of control terminals 
electrically coupled to the control terminal of the charging current limiting 
transistor to limit a flow of current through the active terminals of the first 
transistor. 

51. The electrical circuit of claim 50 wherein the charging 
current limiter further comprises: 

a first loss limiting transistor; and 

a second loss limiting transistor, the first and the second loss 
limiting transistors electrically coupled in a Darlington arrangement between the 
control terminal of the charging current limiting transistor and the zener diode. 
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52. The electrical circuit of claim 50 wherein the charging 
current limiter further comprises: 

an over voltage zener diode; and 

an over voltage transistor having a pair of active terminals 
electrically coupled to respective ones of the active terminals of the feedback 
transistor, and comprising a control terminal electrically coupled to a portion of 
the power bus through the overvoltage zener diode to cut off the charging 
current when a voltage across the power bus exceeds an over voltage 
threshold. 

53. The electrical circuit of claim 50 wherein the charging 
current limiter further comprises: 

a zener diode; 

an over voltage transistor comprising a pair of active terminals 
and a control terminal, the active terminals electrically coupled to respective 
ones of the active terminals of the feedback transistor, and the control terminal 
electrically coupled to a portion of the power bus; and 

a voltage setting transistor comprising a pair of active terminals 
and a control terminal, the active terminals electrically coupled between the 
control terminal of the over voltage transistor and another portion of the power 
bus, and the control terminal electrically coupled to the ultracapacitors through 
the zener diode. 
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